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Understanding the motion of a tracer particle in a rarefied gas is of fundamental and practical
importance. We report the experimental investigation of individual Cs atoms impinging on a dilute
cloud of ultracold Rb atoms with variable density. We study the nonequilibrium relaxation of the
initial nonthermal state and detect the effect of single collisions which has eluded observation so
far. We show that after few collisions, the measured spatial distribution of the light tracer atoms is
correctly described by a generalized Langevin equation with a velocity-dependent friction coefficient,
over a large range of Knudsen numbers.
Diffusion is an essential and omnipresent transport
phenomenon in nature. The motion of a tagged parti-
cle in a fluid is determined by its mass m and by the
density of the fluid via the Knudsen number Kn [1]. In
the regime of large densities (Kn  1), the interparticle
collision frequency is high and the fluid may be treated
as a continuum medium. On the other hand, for low
densities (Kn  1), individual collisions matter and the
discrete nature of the fluid is apparent. The only closed
equation applicable to all values of Kn is the Boltzmann
equation for the phase-space distribution of the particles
[1, 2]. Solutions of this nonlinear kinetic equation have
been obtained in the extreme situations of vanishing and
infinite Knudsen numbers, and in the Brownian limit of
a heavy tracer particle, m/M  1, where M is the mass
of the fluid particles [1, 2]. However, despite its central
importance for the foundations of statistical physics and
the study of e.g. fluid flows in the upper atmosphere and
aerosols dynamics [2–4], much less is known, both the-
oretically and experimentally, about the long-standing
problem of light tagged particles diffusing in a dilute gas
at intermediate Kn [5].
An alternative and highly successful description of a
tagged particle is offered by the Langevin equation [6, 7].
In this stochastic approach, Newton’s equation of mo-
tion for the particle is extended by a friction force and
a fluctuating force that account for the interaction with
the surrounding fluid. The Langevin equation enables
simple evaluation of the macroscopic properties of the
diffusing particle, without the need to compute compli-
cated collision integrals as in the Boltzmann equation.
It is valid in the Brownian limit of a heavy tracer par-
ticle, where the friction coefficient is independent of the
velocity of the particle [8]. Recent experimental studies
of Brownian motion have been reported in gases [9, 10]
and liquids [11, 12]. However, the usual Langevin equa-
tion with constant friction does not hold for light tracer
particles in dilute gases [13, 14].
Here, we experimentally observe the motion of individ-
ual 133Cs atoms impinging on a dilute cloud of ultracold
87Rb atoms as shown in Fig. 1. We exploit the variable
density of the cloud to explore a wide range of Knudsen
numbers, from Kn ' 1 at the center to arbitrarily large
values at the edges, for the light Cs tracer atom with
m/M ' 1.5. By initially accelerating the laser cooled
Cs atoms to a nonthermal kinetic energy of about 43kT ,
we are able to investigate in detail the nonequilibrium
relaxation induced by the collisions with the cloud par-
ticles, from ballistic to diffusive motion (T is here the
temperature of the thermal Rb cloud and k the Boltz-
mann constant). The high resolution of our setup fur-
ther allows to detect the effect of a single collision on the
dynamics of the tracer atom. Discrete hard-sphere col-
lision simulations reveal that only few collisions suffice
to thermalize a Cs atom to the cloud temperature. We
additionally demonstrate that the measured spatial dis-
tribution of tagged Cs atoms is well described, without
any free parameters, by a generalized Langevin equation
with a velocity-dependent friction coefficient [13, 14]. To
our knowledge, this extension of the Langevin equation
has never been experimentally verified so far.
In our experiment, laser cooled 133Cs atoms are re-
leased from a magneto-optical trap (MOT) into a crossed
dipole trap containing a dilute gas of 87Rb atoms
(Fig. 1(a,b,c)) [15]. After entering the cloud, a Cs atom
undergoes collisions with the cold Rb atoms and thermal-
izes. Ultracold temperatures in the micro Kelvin range
lead to slow dynamics, both for the gas and the tracer
atoms, with thermal velocities around 10 mm s−1. While
at room temperature, heavy tracer particles are bom-
barded at an extremely high rate (of the order of 1016
Hz in air [16]), ultra low temperatures, a small mass ra-
tio of the order of unity and low gas densities reduce this
collision rate to values between 13×103 Hz at the center
and 0 at the edges of the gas cloud. Hence the effective
mean free time between two collisions is in the experi-
mentally accessible range of ≥ 0.1 ms. For the finite size
cloud, there is a non-zero probability that a Cs atom
does not collide at all and moves unperturbed through
the cloud (Fig. 1(f)). In order to observe the spatial
distribution of the tagged Cs atoms, we freeze their posi-
tions after a given (interaction) time t after release from
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FIG. 1. Sketch of experimental sequence. (a) Individual Cs tracer atoms are released from a MOT at z = −0.27 mm and
are drawn towards the center of a crossed dipole trap containing an ultracold thermal Rb cloud, where all atoms are in their
respective hyperfine ground state. The Rb cloud contains typically 6×103 to 3.5×104 atoms at a temperature of 2µK and with
1/e2 widths of σr = 1.3µm and σz = 39µm in radial and axial directions. (b) After a variable (interaction) time t after tracer
release, the atomic motion is frozen by turning on a strong optical lattice. The position of individual Cs atoms is detected by
fluorescence imaging after the Rb cloud has been removed. A series of fluorescence images for identical experimental conditions
yields the spatial distribution of tracer atoms. (c) Time-of-flight image of the dilute Rb cloud. (d-f) Measured spatial tracer
distribution for a central Rb density of n = 2× 1013 cm−3 for increasing interaction time t: (d) the Cs tracer distribution
impinges onto the Rb cloud at 17 ms; (e) the Cs tracer distribution is axially overlapped with the Rb cloud at 21 ms; and
(f) tracers which have not collided have left the region of the Rb cloud at 25 ms. The grey Gaussian curve indicates the Rb
cloud density, right vertical scale applies. The dashed vertical line at z = 0.125 mm separates the diffused fraction that has
thermalized inside the cloud (left) from the unperturbed fraction that has passed through the cloud (right). (g) Cloud density
profile and corresponding Knudsen number variation for the highest central density of n = 3.2× 1013 cm−3 considered.
the MOT by turning on a strong 1D optical lattice in the
z-direction. We subsequently remove the Rb cloud from
the trap and record the atomic position with fluorescence
imaging (Fig. 1(b)) [17, 18]. The spatial distribution for
any fixed time is determined by accumulating atomic po-
sitions over about 600 realizations. The time evolution
of the distribution is obtained by varying the interaction
time t (Figs. 1 (d)-(f)). We use only a few Cs atoms (≈ 7
on average) per experimental run. Interspecies effects
such as self-diffusion and self-thermalization are therefore
negligible. Moreover, the thermal de Broglie wavelength
is smaller than the interparticle distance for the densities
considered [19] and the dynamics of the atoms can hence
be described classically.
Figures 2(a)-(c) show the measured Cs spatial distri-
butions for three increasing values of the peak Rb density
nmax after an interaction time t = 25 ms. For low Rb den-
sity (Fig. 2(a)), we observe a bimodal distribution with a
fraction of unperturbed Cs atoms (right) that has passed
through the Rb cloud (grey Gaussian curve) and a larger
fraction of diffused atoms that has thermalized inside the
cloud (left). The existence of the unperturbed fraction
reveals the discrete nature of the dilute Rb gas. When the
Rb density is increased (Figs. 2(b)-(c)), the unperturbed
fraction shrinks, as the collision probability grows with
nmax, and the diffused fraction does not fully penetrate
the cloud. This may be qualitatively understood by not-
ing that diffusion slows down with increasing density so
that Cs tracer atoms need more time to reach the center
of the cloud. In addition, three-body losses become im-
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FIG. 2. Spatial distribution of Cs tracer atoms. Mea-
sured (blue shaded) and collision simulated (red line) spatial
distributions after an interaction time of 25 ms for Rb center
densities of (a) n = 6 × 1012 cm−3, (b) n = 2.6 × 1013 cm−3,
and (c) n = 3.2× 1013 cm−3. The simulations are performed
with 1500 atoms and normalized to the measured distribution.
The agreement is excellent for both diffused (left) and unper-
turbed (right) fractions with an overlap larger than 90%. The
unperturbed fraction is mostly composed of tracer atoms that
have not suffered any collision (green, simulated).
portant close to the center, where the density is highest,
further decreasing the number of Cs atoms. A measure-
ment of the three-body loss rate is presented in Ref. [19].
The lifetime of a Cs atom at the peak of the spatial dis-
tribution in Fig. 2(c) is τ = 3 ms. Three-body-losses are
therefore accounted for in all simulations.
In order to quantitatively describe the measured spa-
tial distribution and the thermalization process, we first
employ discrete hard-sphere collision simulations [19].
We numerically solve Newton’s equation of motion for
individual Cs tracer atoms elastically colliding with the
thermal gas of Rb atoms in three dimensions. Spatial
distributions as shown in Fig. 2 were obtained by pro-
jecting the atomic positions onto the z-axis. A tagged
Cs atom initially starts with an effective Gaussian spa-
tial distribution at z = −0.27 mm with width σx =
σy = 6.8 µm and σz = 58 µm at time t = 7 ms, and a
Maxwell-Boltzmann velocity distribution with tempera-
ture 1.4 µK. These parameters were extracted from an
independent time-resolved reference measurement in the
absence of the cloud. The properties of the Rb cloud
were also obtained by independent measurements, so that
there are no free parameters in the simulations. At each
time step dt, a collision between a tracer atom and a
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FIG. 3. Collision free atoms and thermalization. (a)
Measured (blue squares) and collision simulated (red dots)
relative number of atoms in the unperturbed fraction (z >
0.125 mm) for various maximum Rb densities nmax. Good
agreement with simulated collision free Cs atoms (green
hexagons) is observed. (b) Simulated exponential decay of
the difference ∆T between the Cs kinetic temperature and
the Rb temperature, as a function of the average number of
collisions Nave in a homogeneous cloud. The solid line is an
exponential fit to the data with a 1/e number of collisions of
1.3.
Rb atom is described by a local collision probability,
Pcoll = 1− exp(−Γdt), where Γ is the collision rate. For
nonthermal test particles with velocity v, the collision
rate is given by (Eq. 5.4,5 in Ref. [20])
Γ(v) = n
σ
pi
√
2pikT
M
[
e−x
2
+
(
2x+
1
x
) √
pi
2
Erf(x)
]
,
(1)
where σ is the scattering cross section, x2 = Mv2/(2kT )
and Erf(x) the error function. We analogously de-
scribe three-body losses by the probability Ploss = 1 −
exp(−dt/τ), with the local lifetime τ [19]. Since the den-
sity n changes spatially, the expressions above are evalu-
ated at the current position of a tracer.
The results of the discrete collision simulations
are compared to experimental tracer distributions
in Figs. 2(a)-(c). We obtain excellent agreement
between measured (blue) and simulated (red) spa-
tial distributions, both for the unperturbed (right)
and the diffused fraction (left), with an overlap,
(
∫
NexpNsimdz)/(
∫
N2expdz
∫
N2simdz)
1
2 , between the two
distributions of more than 90%. We attribute the slight
discrepancies to measurement uncertainties of the in-
dependently determined parameters entering the simu-
lations [19]. Figure 3(a) depicts the relative number
of atoms in the unperturbed fraction (defined as those
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FIG. 4. Spatial distribution of Cs atoms - Langevin
description. Measured (blue shaded) and the Langevin sim-
ulated spatial distribution (blue line for velocity-dependent
friction, brown line for velocity-independent friction [19]) for
the same data as in Fig. 2. The simulations are performed
with 1500 atoms and normalized to the diffused fraction. Ex-
cellent agreement is found for the thermalized diffused frac-
tion (left) between measured data and velocity dependent
friction Langevin description, with overlap larger than 90%.
By contrast, the velocity-independent description yields only
poor agreement with measured data with overlaps as low as
60 %. In both cases, the Langevin equation (2) does not cap-
ture the unperturbed fraction (right), as it assumes that all
tracer atoms experience damping and noise.
atoms with position z > 0.125 mm, marked by the ver-
tical dashed line), for various values of the maximum
Rb density nmax. The simulations show that the un-
perturbed fraction is mostly composed of tracer atoms
that do not undergo any collision (green, simulated).
The small difference between the unperturbed and non-
collided fractions is due to the sharp cut at z = 0.125 mm.
In addition, we find that the computed temperature
difference ∆T between the kinetic temperature of the
tagged Cs atoms and the cloud temperature decays ex-
ponentially with the number of average collisions Nave
with a 1/e decay constant of 1.3 collisions (Fig. 3 (b)).
This indicates thermalization after a few collisions. We
estimate, for example, a relative temperature difference
of ∆T/T ' 2% after 4× 1.3 = 5.2 collisions.
We next test the validity of the stochastic Langevin ap-
proach by simulating single particle Langevin trajectories
[6]. For discrete time steps dt, the Langevin equation for
the velocity ~v of a tagged particle takes the form [7]
~v(t+ dt) = ~v(t) +
(
~Fdrag + ~Frand − ~∇U
) dt
m
(2)
Here, ~Fdrag = −γ~v is a drag force with friction coeffi-
cient γ, ~Frand a fluctuating force and −~∇U the confining
force including gravity. While for large, heavy test par-
ticles the friction coefficient γ is velocity independent, it
acquires an explicit velocity dependence for small, light
particles [13, 14]. It was theoretically shown that [13, 14]
γ(v) = nσ
8
15
√
2M
pikT
m
(
Mv2/2 + 5kT
)
(m+M)
(3)
to order (M/m)3/2 and for values ofmv2/(2kT ) not much
larger than unity. To our knowledge, the predictions of
the Langevin equation with speed-dependent damping
coefficient (3) have never been verified experimentally so
far. We also note that owing to the detailed-balance con-
dition, the nonlinear friction (3) implies a multiplicative,
velocity-dependent fluctuating force [19, 21].
The results of the Langevin simulations are presented
in Fig. 4 [19]. We have again accounted for three-body
losses by removing tracer atoms at each time step with
the probability Ploss. As before, the cloud density n,
and thus the friction coefficient γ, were evaluated at the
position of the tagged atoms. We observe that the dif-
fused fraction of Cs atoms (left) is well described by
the Langevin simulations (blue), without free param-
eters, for all values of the Rb density. However, as
expected, the unperturbed fraction (right) is not cap-
tured by the Langevin approach which assumes that all
test particles experience damping and fluctuations. The
overlap between the simulated and measured spatial dis-
tributions for the diffused fraction is larger than 90%.
We once more ascribe the small deviation to the experi-
mental uncertainties of the reference measurements. By
contrast, Langevin simulations with the usual velocity-
independent friction coefficient (brown) yield overlaps as
low as 60 % [19].
The following physical picture emerges from our ex-
perimental and theoretical investigations. Our ability to
accurately identify the effect of a single collision allows
the distinction of two different types of dynamics: Thus,
Cs atoms that do not experience any collision pass bal-
listically through the dilute Rb cloud (unperturbed frac-
tion). On the other hand, a single collision event dissi-
pates on average more than half of the initial nonthermal
kinetic energy and suffices to trap a tagged Cs atom in-
side the cloud, leading to additional collisions (diffused
fraction). After few more collisions, a tracer atom will be
thermalized with the Rb cloud. Its dynamics is correctly
described, over a wide range of Knudsen numbers, by a
generalized Langevin equation with a velocity-dependent
friction coefficient. The origin of this unfamiliar speed
dependence may be understood by noting that the ve-
locity v of a heavy Brownian particle (mM) is much
smaller than that of the gas atoms. As a result, both
5the collision rate and the friction coefficient are indepen-
dent of v in this limit. By contrast, for an atomic tracer
with a mass m ' M , both velocities are of the same
order. Here, an explicit velocity dependence of the colli-
sion rate and of the friction coefficient can no longer be
neglected. However, as we have shown, in both cases, a
highly successful continuous Langevin description over a
coarse-grained timescale larger than the mean free time
between impacts is possible.
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I. SUPPLEMENTARY MATERIAL
A. Knudsen number
The Knudsen number is defined as Kn = λ/L, where
λ is the density-dependent mean-free path within the gas
and L is the typical length scale associated with the dif-
fusing particle [1]. For the Cs atoms, the mean free
path is given by λ = 1/(
√
2nσ), where σ = 4pia2Rb,Cs
is the interspecies scattering cross-section and aRb,Cs =
645 aB [22] the s-wave scattering length between two Rb
atoms (aB is the Bohr radius). On the other hand, in
the absence of the Rb cloud, the dynamics is dominated
by collisions with the trapping potential in the radial di-
rections (x, y). We thus identify L =
√
kT/(Mω2r), the
radial 1/e width of the thermal Rb cloud with ωr the
radial angular trap frequency.
B. Negligible quantum effects
Despite using ultracold temperatures in the micro
Kelvin range, the dynamics of the atoms in our exper-
iments can be described classically. Quantum effects are
in general relevant when the condition λ3th/n ≤ 1, with
λth the thermal de Broglie wavelength, is satified [23].
For the highest Rb density measured, we have instead
λ3th,Rb/n = 16 for Rb and λ
3
th,Cs/n = 30 for Cs. In addi-
tion, the mean-field contribution of the cold Rb cloud to
the effective potential on Cs [23],
Vmf = ngRbCs = n
4pi~2aRbCs
µ
, (4)
with µ the reduced mass, can be used as an order-of-
magnitude estimate for the highest Rb density. We have
Vmf ' k×0.1 µK, a value which is negligible compared to
the potential depth of k × 270 µK for Cs and the bath’s
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FIG. 5. Measurement of the three-body loss coefficient L3
for Cs in |F = 3〉 and Rb in |F = 1,mF = 0〉 Circles: Mea-
sured lifetimes. Blue solid line: Fit of Eq. (5) to the data
yielding L3 = 37(3) 10
−26 cm6 s−1. The error marks the 1σ
confidence interval originating from statistical uncertainties
and is visualized by the blue shaded area.
thermal energy scale kT = k × 2 µK. Furthermore, the
dynamics of the Cs atoms in the cloud are not dominated
by the trapping potential, but by the Rb density distribu-
tion which experiences a six times lower mean field shift
due to the lower Rb-Rb scattering length [24].
C. Three-body loss rate
The lifetime of Cs atoms in our experiment is limited
by three-body losses. This influences the evolution of the
Cs atom’s spatial distribution. Therefore, we have mea-
sured the inverse three-body loss rate as a function of
Rb density and account for three-body loss in our simu-
lations. The spatially averaged lifetime is [23],
1
〈τ〉V
= L3 〈nCsn2〉V (5)
where L3 is the three-body loss coefficient and 〈·〉V de-
notes the spatial average over the cloud’s volume V . The
local lifetime of a Cs atom is proportional to n2, so Cs loss
predominantly happens at the center of the Rb cloud. To
determine the coefficient L3, we measure 〈τ〉V for vari-
ous Rb densities by inserting Cs atoms into the cold cloud
and recording the spatial distribution at various interac-
tion times. Fitting Eq. (5) to the experimental data, as
shown in Fig. 5, yields L3 = 37(3) 10
−26 cm6 s−1. Here,
Cs is prepared in |F = 3〉 and Rb in |F = 1,mF = 0〉
and the loss coefficient is roughly one order of magni-
tude larger than for Cs in the |F = 3,mF = 3〉 and Rb
in the |F = 1,mF = 1〉 state [25]. Using the local life-
time τ(n) as a function of density, allows accounting for
three-body recombination in our simulations.
6D. Discrete collision simulations
In this section, we present details of the hard-sphere
collision simulations. We describe Cs tracer atoms as
point-like masses that evolve in the absence of a collision
according to Newton’s equation of motion, ~v(t + dt) =
~v(t) − ~∇Udt/m, during each time step dt, where U is
the confining potential including gravity. We model
the Rb cloud as a thermalized classical gas with time-
independent density n and temperature T . This assump-
tion is justified in view of the extreme number ratio be-
tween Cs and Rb atoms. At each time step, the local
collision probability Pcoll = 1− exp(−Γdt) with the posi-
tion and velocity dependent collision rate Γ is computed.
Comparing Pcoll to a uniform random number determines
if the collision occurs. For each collision event, a Rb col-
lision partner is randomly generated and the Cs atom is
assigned a new velocity v by solving the two-body colli-
sion in the center-of-mass system under the assumption
of isotropic s-wave scattering. This assumption is com-
patible with our hard-sphere model and well justified for
the kinetic energies involved. The Rb atom does not play
any further role in the simulation as a new, statistically
representative Rb atom is drawn for each collision. Such
a procedure is justified because the gas is dilute and cor-
relations due to multiple scatterings with the same Rb
atom can be neglected. We account for three-body losses
with the probability Ploss = 1 − exp(−dt/τ), with the
local lifetime τ . In view of the initial nonthermal kinetic
energy of the tagged atoms, the velocity V of the Rb col-
lision particle before the collision should be determined
with care. Drawing the velocity of the Rb atom from a
Maxwell-Boltzmann distribution is flawed, as the speed-
dependence of Γ would depopulate high-velocity classes
of v due to more frequent scattering and prevent ther-
malization. This is the same reason, why the fluctuating
force in the Langevin equation becomes speed dependent.
The Rb velocity should instead be drawn from a modified
(not normalized) Maxwell-Boltzmann distribution given
by (see Ref. [20], Chapter 5.4),
PV (v) = pi
∫ pi
0
g(V, v, θ) sin θdθ
∫ 2pi
0
dφ
σ
pi
fMV
2 (6)
Pθ(v, V ) = g(V, v, θ) sin θ (7)
Pφ = 1. (8)
where V , θ and φ are polar coordinates of the Rb speed
vector about v as an axis with probability distributions
PV , Pθ, Pφ; g is the relative velocity of the two col-
lision partners and fM the usual Maxwell-Boltzmann-
distribution
fM = n
(
M
2pikT
) 3
2
exp
(−MV 2
2kT
)
. (9)
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FIG. 6. Measured Cs distributions (blue histograms, border-
less) for various peak Rb densities at t = 25 ms with Langevin
simulated distributions (blue histogram, solid border), nor-
malized to the diffused fraction.
E. Langevin simulations
We numerically solve the Langevin equation using a
3rd-order Runge-Kutta integrator with a typical time
step of dt = 2 µs and 1500 trajectories, corresponding
to the number of observed Cs atoms. The fluctuation-
dissipation relation for an equilibrium bath implies a di-
rect connection between damping and noise terms. For
the velocity-dependent friction coefficient,
γ(v) = nσ
8
15
√
2M
pikT
m
(
Mv2/2 + 5kT
)
(m+M)
(10)
the detailed-balance condition and the Gibbs form of
the thermal equilibrium condition lead to the speed-
dependent random force ~Frand = ψ(v)
√
2/dt ~N , where ~N
is a normally distributed random force with zero mean
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FIG. 7. Measured Cs distributions (blue histograms, border-
less) for various peak Rb densities at t = 25 ms with col-
lision simulated distributions (red histogram, solid border),
normalized to the diffused fraction. In green (solid border),
the fraction of atoms that have not underwent any collision
are shown.
and unit variance, and [21]
ψ2(v) =2me
mv2
kT
∫ ∞
v
−γ(u)ue−mu
2
kT du
=2
5
2nσ
√
MkT
pi
Mmv2 + (M + 10m) kT
15(M +m)
.
(11)
Equation (11) corresponds to multiplicative noise [26].
On the other hand, for the usual Langevin equation the
friction coefficient is velocity independent and reads [13,
27],
γ = nσ
8
3
√
2MkT
pi
m
(m+M)
(12)
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FIG. 8. Measured Cs distributions (blue histograms, bor-
derless) for a fixed Rb density and growing interaction time
t = 17, 21, 25, 29, 33ms from (a)-(e) with Langevin simulated
distributions (blue histogram, solid border), normalized to the
diffused fraction.
The random force is accordingly characterized by
ψ2 = mγkT (13)
Equation (13) corresponds to additive noise [26].
F. Simulation parameters
Our numerical simulations are conducted without free
parameters. The simulation parameters are obtained
from independent measurements. The trapping poten-
tial consists of two Gaussian beams at a wavelength
of λ = 1064 nm and the potential is precisely known
from beam profile measurements, consistent with trap-
frequency measurements with Rb and measured single Cs
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FIG. 9. Measured Cs distributions (blue histograms, bor-
derless) for a fixed Rb density and growing interaction time
t = 17, 21, 25, 29, 33ms from (a)-(e) with collision simulated
distributions (red histogram, solid border), normalized to the
diffused fraction. In green (solid border), the fraction of atoms
that have not underwent any collision are shown.
atom motion in absence of Rb. The vertical beam along
the x axis has a power of 4 W. Its focus is located at
x = 4 cm and its beam waist is 0.16 mm, where the inter-
section of the two beams defines the coordinate system’s
origin. The horizontal beam along z is elliptical with
beam waists of wx = 21µm and wy = 22µm, a power of
680 mW, and its focus at z = 0. The beams produce a po-
tential per intensity I of U/I = −3.60× 10−36 Jm2 /W
for Cs and URb/I = −2.10× 10−36 Jm2 /W for Rb.
The thermal distribution of Rb in the trap is calculated
according to Boltzmann’s law
n(~r) = Ne
−URb(~r)
kT
(∫
e
−URb(~r)
kT
)−1
(14)
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FIG. 10. Overlaps (
∫
NexpNsimdz)/(
∫
N2expdz
∫
N2simdz)
1
2 for
all tracer diffusion measurements at peak densities nmax and
interaction times t. Overlaps for the hard-sphere collision
simulation are shown in (a), overlaps for the Langevin simu-
lation with velocity-dependent friction, computed for the dif-
fused fraction, are shown in (b). All overlaps for both models
are ≥ 90 %, whereas the Langevin simulation with velocity-
independent friction shown in Fig. 4 of the main article yields
overlaps down to 60 %.
while T and the Rb atom number N are determined
with time-of-flight thermometry and absorption imag-
ing [28]. It is important to note that a harmonic approx-
imation of the trapping potential does not hold. We con-
sider instead the exact Gaussian beam potential through-
out the simulation. The interspecies scattering length
aRb,Cs = 645 aB [22] for Rb in |F = 1,mF = 1〉 and Cs
in |F = 3,mF = 3〉 is used as an approximation for the
different hyperfine states employed in this experiment.
G. Detailed density distribution measurements
The full measurement of the Cs spatial distribution
when the Rb density is varied at a fixed interaction time
corresponding to Figs. 2-4 is shown in Figs. 6-7, together
with Langevin and discrete hard-sphere collision simula-
tions. Spatial distributions for various interaction times
at a fixed Rb density, corresponding to Fig. 1, are shown
in Figs. 8-9. A comparison of the overlaps for a full, con-
sistent measurement of different densities and interaction
times is depicted in Fig. 10, where the overlap of mea-
sured data with both the collision simulation (Fig. 10(a))
and the Langevin model with velocity-dependent friction
coefficient (Fig. 10(b)) yields values ≥ 90 %. By contrast,
a Langevin model with velocity-independent friction co-
efficient yields typical overlaps of ≈ 60%. We emphasize
that the simulations have been performed with a single,
consistent set of independently measured parameters for
all data, without free parameter.
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